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Recent experimental results in three-body systems have unambiguously shown that 
calculations based on nucleon-nucleon forces fail to accurately describe many experimental 
observables and one needs to include effects which are beyond the realm of the two-body 
potentials. This conclusion owes its significance to the fact that experiments and 
calculations can both be performed with a high accuracy. In this short review, a sample of 
recent experimental results along with the results of the state-of-the-art calculations will be 
presented and discussed. 
 
 
1. INTRODUCTION 
 
The ultimate goal of nuclear physics is to understand 
the properties of nuclei and reactions involving them. 
Given the smallness of the typical energy scales in 
nuclear physics, such as the nuclear binding energies 
(BEs), it appears appropriate to formulate the nuclear N-
body problem in terms of the non-relativistic 
Schrödinger equation. In a first approximation, the two-
nucleon potential is sufficient to describe the bulk of the 
few-nucleon observables at low and intermediate 
energies. At present, a number of semi-
phenomenological two-nucleon models are available 
which provide an accurate description of the very large 
nucleon-nucleon (NN) scattering data set below the pion 
production threshold with a χ2 per degree of freedom of 
the order ≈ 1. Recent advances in the development of 
few-body methods coupled with a significant increase in 
computational resources allow, nowadays, to perform 
accurate microscopic calculations of three- and even 
four-nucleon scattering observables and of the spectra 
of light nuclei. This opens the door for precise tests of 
the underlying dynamics and, in particular, of the role 
and structure of the three-nucleon force (3NF). One of 
the simplest and most extensively studied three-nucleon 
observables is the BE of the triton. It is well known to 
be significantly underestimated by the existing two-
nucleon potentials [1]1. A similar underbinding occurs 
for other light nuclei as well [2]. Three-nucleon 
continuum observables have also been explored by 
several groups. While the differential cross section of 
elastic nucleon-deuteron (Nd) scattering at low incident 
beam energies is rather well described using solely two-
                                              
1 Note, however, that phase-equivalent (at low energy) nonlo-
cal NN potentials can be constructed which reproduce the BE 
of 3H. 
nucleon potentials, a large discrepancy with the data, 
known as the Ay-puzzle, is observed for the analyzing 
power. Tensor-analyzing powers and spin-transfer 
coefficients are generally rather well described at low 
energy using solely two-nucleon forces (2NFs) but the 
results of these calculations start to deviate from the 
data as the energy increases. In addition to the elastic 
channel, the break-up reaction offers a rich kinematics 
and as such provides a good testing ground for the 
structure of the nuclear force.  
The observed discrepancies between data and 
calculations based solely on 2NFs are usually viewed as 
indication of the existence of a 3NF. Indeed, 3NFs 
which cannot be reduced to pair-wise NN interactions 
arise naturally in the context of meson-exchange theory 
and at the more fundamental level of QCD. At present, 
several phenomenological 3NF models exist which are 
typically based on the two-pion-exchange contribution 
and will be discussed in section II. Despite some remar-
kable successes of the phenomenological approach, 
many problems still remain open; see section IV for 
explicit examples. In addition, there are obvious con-
ceptual deficiencies such as the lack of consistency 
between the 2NFs and 3NFs. On the other hand, a 
significant progress in understanding the properties of 
few-nucleon systems has been achieved recently within 
the framework of chiral effective field theory (EFT). 
This approach is linked to QCD via its symmetries and 
allows to analyze the low-energy properties of hadronic 
systems in a systematic and controlled way. In addition, 
it offers a natural explanation for the generally assumed 
hierarchy of nuclear forces: V2N  ≫ V3N ≫ V4N. 
In this short review, some of the experimental 
observables in proton-deuteron (pd) scattering will be 
discussed along with the theoretical developments 
which are taking place. The experimental investigations 
have been performed at various laboratories for a large 
part of the phase space. Here, we restrict ourselves 
mainly to elastic and break-up observables in the 
medium energy region of 65 to 200 MeV incident 
nucleon energy and discuss only a selected set of data. 
We will also show one example at low energy where 
there is, as yet, an unresolved problem. 
 
 
II. THEORETICAL FORMALISM 
 
As already pointed out in the introduction, the 
conventional approach to few-nucleon systems is based 
on modern semi-phenomenological NN potential mo-
dels. Typical representatives include the CD-Bonn 
2000, Argonne V18 (AV18) and Nijmegen I and II 
potentials, see [3] for a recent review. In all these 
models, the (strong) long-range interaction is due to 
one-pion exchange while the shorter-range contributions 
are parameterized phenomenologically in different 
ways. The accuracy of the fit to the NN data-base is 
comparable with the one of phenomenological partial-
wave analyses. 
The theory of 3NFs has a long history which goes 
back to the 30’s of the last century, see for example Ref. 
[4] for an early discussion on the role of the 3NF in 
nuclear systems. The longest-range contribution due to 
the two-pion-exchange mechanism is taken into account 
in all current 3NF models. While the old Fujita-
Miyazawa 3NF [5] is governed by the P-wave πN 
scattering amplitude, a more general ansatz based on 
current algebra is used in the Tuscon-Melbourne 3NF 
and its chiral-symmetry-corrected version (TM99) [6] as 
well as in the Brazilian 3NF model [7]. The shorter-
range contributions due to the πρ and ρρ exchanges 
were also considered within these models. The Urbana-
IX 3NF [8] contains the two-pion-exchange contribution 
due to the intermediate ∆-excitation and, in addition, a 
phenomenological shorter-range part. Finally, recent 
Illinois 3NF models [9] include parameterizations of 
three-pion-exchange terms due to ring diagrams with 
one ∆ in the intermediate states. 
The usual strategy in few-body studies based on the 
conventional approach is to adjust the parameter(s) of 
the 3NF in such a way that the BE of 3H is reproduced 
exactly for a given combination of the 2NF and 3NF 
models. The resulting nuclear Hamiltonian can be used 
to compute various few-nucleon observables allowing 
one to study 3NF effects, see section IV. It should, 
however, be understood that nuclear potentials are not 
measurable experimentally and can be modified via an 
appropriately chosen unitary transformation [10]. 3NF 
effects should, therefore, always be considered in the 
context of a particular 2NF model and/or formulation of 
the problem. For example, in the framework of Ref. [11] 
based on the extended Hilbert space which includes one 
∆, a large portion of what would be the 3NF in a theory 
without explicit inclusion of ∆ degree of freedom is 
generated dynamically. The major deficiencies of the 
conventional approaches are the obvious inconsistency 
between the few-nucleon forces (2NF, 3NF, ….) and 
between forces and currents, the lack of systematics in 
the organization of the dominant dynamical 
contributions and the poor relation to QCD. It should 
further be emphasized that the development of the 3NF 
along the same phenomenological line as in the 2N 
system, i.e. by parameterizing the most general structure 
of the 3NF, is not possible (at least at present) due to the 
much larger number of different possible operators and 
a much smaller data-base available. 
The above difficulties can be overcome in chiral 
EFT. In this framework, one starts with the most general 
effective Lagrangian Leff for pions and nucleons con-
sistent with the symmetries of QCD. In particular, pions 
are identified with the Nambu-Goldstone bosons corres-
ponding to the spontaneously broken SU(2)L×SU(2)R 
flavour symmetry (i.e. chiral symmetry) of QCD. The 
approximate chiral symmetry provides strong 
constraints on the pion interactions. Nuclear forces can 
be derived from Leff perturbatively via a simultaneous 
expansion in powers of the low external momenta and 
about the chiral limit, the so-called chiral expansion 
[12]. Various techniques have been applied in the past 
to derive nuclear potentials including e.g. time-ordered 
perturbation theory, S-matrix based approaches and the 
method of unitary transformation, see [13] for recent 
review articles. The importance of a particular 
contribution to the nuclear force is determined by the 
power ν of the expansion parameter Q/Λ where Q and Λ 
refer to the generic low-momentum scale associated 
with external nucleon momenta or Mπ and the pertinent 
hard scale, respectively [12]: 
 
      V = ∑
)(ν
V(ν) = V(0) + V(2) + V(3) + V(4) + …            (1) 
 
The structure of the nuclear force at lowest orders of the 
chiral expansion is visualized in Fig. 1. Chiral power 
counting naturally explains the dominance of the 2NF 
which starts to contribute at order ν = 0. At this leading 
order (LO), the 2NF is given by one-pion-exchange and 
two NN contact interactions without derivatives. The 
coupling constants accompanying NN contact interact-
tions at this and higher orders are determined from the 
low-energy nucleon-nucleon data. No contribution 
arises at order ν = 1 due to parity conservation. The first 
corrections at next-to-leading order (NLO) with ν = 2 
are due to two-pion exchange, which does not involve 
new parameters, and contact interactions quadratic in 
the momenta and Mπ. At next-to-next-to-leading order 
(N2LO) with ν = 3 one has to take into account further 
two-poin-exchange contributions with one insertion of 
the subleading ππNN vertices. The corresponding low-
 
FIG. 1: Hierarchy of the nuclear forces. Solid (dashed) lines 
represent nucleons (pions). Solid dots, filled/open squares and 
filled circles depict vertices from Leff. 
 
energy constants c1,3,4 are known from πN-scattering. In 
addition, one has first contributions to the 3NF from 
diagrams as is shown in Fig. 1 [14]. While the two-pion-
exchange contribution does not involve new parameters, 
the two other topologies depend on one unknown 
constant each, which can be determined from three- or 
more-nucleon observables. Finally, at next-to-next-to-
next-to-leading order (N3LO), ν = 4, one has to account 
for further corrections to the 2NF which include the 
sub-subleading two-pion-exchange, the leading three-
pion-exchange contributions and the corresponding 
contact terms. The corrections to the 3NF at N3LO are 
currently being worked out. In addition, at this order, 
one has to deal with four-nucleon force (4NF) for the 
first time. The parameter-free expressions for the 
leading 4NF at N3LO have been derived recently [15]. 
As seen in the figure, the hierarchy of V2N  ≫ V3N ≫ 
V4N is very natural within the framework of EFT. At 
present, the 2NF has been worked out and applied in the 
NN system up to N3LO while the results for three and 
more nucleons are available up to N2LO. For a detailed 
discussion on the structure and applications of the chiral 
nuclear forces, the reader is referred to recent review 
articles [13] and references therein. We further 
emphasize that alternative schemes for counting the 
short-range contributions to the nuclear force are 
currently being explored.  
Theoretical predictions for 3N scattering observables 
presented in this work have been obtained by solving 
the corresponding Faddeev equations, see [16] for the 
details. The inclusion of the long-range electromagnetic 
interaction requires a non-trivial generalization of the 
formalism, see [16] and references therein and [17] for 
recent important numerical progress on that front. 
 
 
III. EXPERIMENTAL TECHNIQUES 
 
The experimental equipment in the study of the 
three-body systems depends on the reaction and the 
observable one is considering. For example, in the study 
of the cross section of elastic pd scattering, one needs an 
unpolarized source of protons or deuterons and a small 
detector which is capable of identifying one of the 
outgoing particles with a high energy/angle resolution. 
A magnetic spectrometer with a small solid angle would 
be enough for this purpose. If one is interested in the 
analyzing power of the reaction, one would need, in 
addition, a polarized source of particles. In the study of 
spin-correlation coefficients (such as those performed at 
IUCF), one would need a polarized target as well, and 
the investigation of spin-transfer coefficients (such as 
those at RIKEN and KVI) would require, instead, the 
measurement of the polarization of the outgoing 
particles. For the break-up studies, the detection system 
becomes more complicated since the reaction includes 
three particles in the final state. In this case, one could 
either choose a very specific geometry in the 
measurement or employ a detector with a very large 
acceptance in order to accommodate the detection of 
more than one particle in a large part of the reaction 
phase space. An example of such a device, as shown in 
Fig. 2, is the BINA detector recently commissioned at 
KVI. The design of recent detectors such as the one 
shown in Fig. 2, is based on the tremendous experience 
gained with the pioneering experiments performed at 
lower energies at Cologne, Bonn, Durham (TUNL) and 
Kyushu. In this article we, however, focus mainly on 
intermediate energies. 
All the interactions discussed here are hadronic 
interactions with generally rather large cross sections. 
Therefore, detectors should be capable of dealing with 
high rates. This, in turn, reduces the required amount of 
beam time in general. However, in some regions of 
phase space where the cross sections are small, the 
measurement of spin observables requires long running 
times. In the past, solid CH2 or CD2 targets were used. 
With the advent of thin and strong windows, liquid 
targets have become an alternative, introducing also less 
background. 
 
IV. RESULTS AND DISCUSSION 
 
As already pointed out in the introduction, an 
important indication of the significance of the 3NF 
effects comes from the BEs of light nuclei. The addition 
of the 3NF removes the observed underbinding by the 
2NFs of typically more than 0.5 MeV (4 MeV) for 3H 
(4He) and the bulk of discrepancy for heavier nuclei [2]. 
 
FIG. 2: A picture of the Big Instrument for Nuclear-
polarization Analysis (BINA) at KVI. One can see the forward 
wall of the detector along with the backward ball which also 
functions as the vacuum chamber. The wire chamber and the 
thin ΔE detector which are placed between the ball and the 
forward wall, and the phototubes of the ball along with all the 
cables are taken out in this picture. 
On the other hand, there are also low-energy 3N 
scattering observables, for which the addition of the 
available 3NFs does not improve the description of the 
data. Well-known examples are the low-energy (below 
10 MeV) Nd analyzing powers (Ay-puzzle) [16].  
At intermediate energies (≳ 65 MeV/nucleon), 
calculations have shown that effects due to 3NF should 
clearly manifest themselves in the minimum of the 
differential cross section of the elastic channel [18]. 
While the contribution of the 3NF to the differential 
cross section is rather constant across the center-of-mass 
angular range, the contribution from pure two-nucleon 
interactions has a pronounced dip around 90° c.m. angle 
and decreases relative to the contribution of the 3NF as 
the incident-beam energy increases. In the literature, 
there exist some measurements of cross sections and 
analyzing powers of the elastic channel at intermediate 
energies [19-25]. However, most of them either suffer 
from a limited angular coverage or lack the accuracy 
needed to compare with modern calculations. Recent 
measurements have made an effort to improve on both 
fronts. Aside from KVI data [26,27], results have been 
obtained at RIKEN, RCNP, IUCF and Saturne at 
intermediate energies. Here, we only present a part of 
the experimental results for intermediate energies. 
In Fig. 3, the results of cross sections and analyzing 
powers are shown by open squares as a function of the 
center-of-mass angle for a number of measurements 
performed at KVI at energies ranging from 100 to 200 
MeV [26,27]. Data available in the literature at nearby 
energies are also shown. In all cases there seems to be a 
good agreement between various data sets. The only 
exception is the cross sections at 135 MeV, where the 
KVI and the RIKEN data [28] do not agree with each 
other. Results of calculations based on different modern 
2N potentials are shown by the black band, whose width 
can be regarded as a measure of model dependence. In 
addition, results are shown for various 2NFs combined 
with TM99 3NF (grey band) and AV18 potential 
combined with Urbana-IX 3NF (solid line). These 
results also agree with coupled-channel calculations by 
the Hanover group [11]. It is clearly seen that the 
calculations based on 2NFs alone are capable of 
describing the bulk of the cross sections for two orders 
of magnitude variation in this observable. However, 
major discrepancies set in especially in the cross section 
minima. The discrepancies also increase as a function of 
incident beam energy. The addition of various 3NFs 
brings the results closer to the data but does not remove 
the discrepancies at backward angles, which also grow 
with increasing   incident  beam  energy.  The analyzing 
powers show a similar behavior, namely that the 
disagreements with the data decrease when adding the 
three-body force but remain at the backward angles. 
Note that relativistic corrections have been found to be 
negligible for these observables at the energies 
considered [29]. It should also be emphasized that the 
experiments have been carried out with (polarized) 
proton beams while the calculations presented here 
neglect the effect of the Coulomb force. The Coulomb 
effect has indeed been shown recently to be very small 
in this particular case [17]. The calculations based on 
chiral EFT have so far been carried out for Nd scattering  
up to N2LO in the chiral expansion. For these relatively 
high energies, the theoretical uncertainty at N2LO 
appears to be rather large, making the comparison with 
data not particularly useful. It is important to extend this 
analysis to N3LO, where one expects smaller theoretical 
uncertainty. This work is in progress.  
The results of the cross sections and analyzing 
powers in the elastic channel indicate that the 
deficiencies in the existing three-body forces show up 
not only in their central but also in the spin part. In 
order to investigate these aspects, more experiments 
have been performed at KVI and RIKEN. These 
difficult measurements involved not only incoming 
beam polarizations, but also the polarization of the 
outgoing particles has been measured in the elastic 
channel. The observables are called spin-transfer 
coefficients. In Fig. 4, results of recent measurements at 
KVI [30] are shown. These measurements were done 
with a 180 MeV polarized deuteron beam. The 
measurement of the polarization of the outgoing particle 
results in several observables all shown in the figure. In 
addition to cross sections and vector and tensor 
analyzing powers (Ay and Ayy which only involve a 
polarized beam), we now have induced polarization (Py, 
which is produced by an unpolarized beam) and vector 
and tensor spin-transfer coefficients (Kyy′ and Kyyy′,
 which contain information about the polarization 
transfer from the incident deuteron beam to the ejectile 
proton). For the sake of simplicity, calculations based 
solely on 2NFs are not shown. At this energy, the effect 
of 3NFs is smaller than for the cases shown in Fig. 3. In 
Fig. 4, the results for the AV18 potential combined with 
Urbana-IX 3NF (dashed curve) and the coupled-channel 
calculation by the Hanover group including the ∆ (solid 
curve) are shown together with the results of the chiral 
EFT at N2LO (gray band). The band serves as an 
estimation of the theoretical uncertainty at this order. 
The results for the cross section in the chiral EFT 
approach show some deviations from the data. 
However, given the size of the theoretical uncertainty at 
this order, the chiral results are in good agreement with 
the data. Clearly, one needs to extend the calculations to 
N3LO in order to reduce the uncertainty and to be able 
to analyze the data shown in Fig. 3. 
The Nd break-up reaction offers even more 
possibilities than the elastic channel due to the much 
richer kinematics corresponding to three nucleons in the 
final state. It requires, however, more complicated 
experiments. Measurements at low energies have been 
performed in the past at Bonn, Cologne, TUNL and 
Kyushu producing interesting and sometimes surprising 
results. In particular, the so-called symmetric space-star 
configuration (SST) appears rather puzzling. In this 
configuration, the plane in the c.m. system spanned by 
the outgoing nucleons is perpendicular to the beam axis, 
and the angles between the nucleons are 120°. At Elab = 
13 MeV, the proton-deuteron and neutron-deuteron (nd) 
cross section data deviate significantly from each other. 
Theoretical calculations based on both phenomenolo-
gical and chiral nuclear forces have been carried out for 
the nd case and are unable to describe the data. In 
addition, the Coulomb effect was found to be far too 
small to explain the difference between the pd and nd 
data. Recently, proton-deuteron data for a similar 
symmetric constant relative-energy (SCRE) configura-
tion have been measured in Cologne [31] at Ed = 19 
MeV. This geometry is characterized by the angle α 
between the beam axis and the plane in the c.m. system 
spanned by the outgoing nucleons. Similar to the SST 
geometry, one observes large deviations between the 
theory and the data, in particular for α = 56°, see Fig. 5. 
The included 3NFs have little effect on the cross section 
while the effect of the Coulomb interaction is significant 
but removes only a part of the discrepancy.  
FIG. 3: Differential cross sections (left) and vector analyzing powers (right) for elastic pd scattering versus the scattering angle 
for different incident-beam energies at KVI (open squares). Also shown are the available data at nearby energies and 
calculations from NN potentials (black band), NN+TM99 (gray band), AV18+Urbana-IX (solid line). The solid line overlaps in 
most places with the gray band. For each data point, only the statistical uncertainty is given.  
FIG. 4: Results for the cross sections, vector and tensor analyzing powers, and vector and tensor spin-transfer coefficients of the 
deuteron-proton elastic scattering at 90 MeV/nucleon beam energy in comparison with various models. The gray band shows the 
results of the chiral EFT calculations at N2LO, the solid and dashed curves show the results based on the coupled-channel 
calculations including the explicit Δ and from the AV18+Urbana-IX potential, respectively. Only statistical uncertainties are shown 
here.
 
At intermediate energies, first attempts have been 
made to perform break-up experiments in which a large 
part of the phase space is covered simultaneously. This 
requires detection setups with a large solid angle 
coverage. The first results of such measurements 
performed at KVI at 65 MeV/nucleon have been 
published [32]. Even though the effect of 3NFs are not 
large at this energy, a χ2 analysis of more than 1500 data 
points reveals that the inclusion of the three-body forces 
certainly improves the agreement between the 
theoretical predictions and the data. Chiral EFT results 
at N2LO are of a comparable quality to the ones based 
on modern phenomenological nuclear forces. As was 
mentioned above, the Coulomb force can now be 
included exactly in the pd  break-up calculations. With 
the large variety of kinematical variables in the break-up 
reaction, one can choose such kinematical conditions 
that the relative energy of the two outgoing protons is 
small, which enhances the Coulomb effect. Figure 6 
shows a small fraction of the data measured at KVI. 
Here, one can clearly see a nice agreement between the 
theory and data and the radical improvement in some 
configurations after the inclusion of the Coulomb force. 
These benchmark studies demonstrate that various 
ingredients needed to study 3NF effects are now under 
control while the currently available 3NF models still 
suffer from severe deficiencies. Clearly, more 
theoretical input is needed in order to understand the 
details of the structure of the 3NF and to find out where 
the deficiencies actually lie. 
 
 
V. SUMMARY AND CONCLUSIONS 
 
In this article, a sample of recent high-precision data 
at intermediate energies for various observables and 
different reaction channels and recent data at a low 
energy for a particular geometry in the break-up 
reaction were presented along with various theoretical 
calculations. Over a large energy and angle range, it was 
shown that the bulk of the data is described by modern 
calculations especially after the inclusion of the 3NF. 
Since both the data and the calculations have relatively 
small uncertainties, definite conclusions can be drawn 
from the comparisons. In particular, the cross-section 
data for the elastic channel seem to be well described at 
lower energies by calculations including 3NFs. 
Discrepancies set in as one increases the incident beam 
energy. This could be an indication that relativistic 
effects are setting in and/or three-nucleon forces used in 
the calculations are still not quite under control. First 
studies indicate, however, that in the elastic channel, 
relativistic effects are very small to the highest energy 
shown here.  
For the proton analyzing powers in the elastic 
channel, calculations based on different 3NFs not only 
deviate from the data but even differ from each other. 
 
The deviations seem to increase as a function of energy. 
The spin structure of 3NF needs further attention. This 
can be seen also from the analyzing powers and spin-
transfer coefficients, using a deuteron beam at lower 
energy, which bring forward a mixed message 
depending on the observable. This trend has also been 
observed in recent measurements performed at RIKEN, 
Japan.  
In general, it can be concluded that three-nucleon 
observables, like dσ/dΩ or Ay, are well described by 
modern NN potentials combined with phenomenologi-
cal 3NFs at low intermediate energies (above 30 MeV). 
However, for higher energies and for backward angles, 
deviations from data are observed. This calls for further 
theoretical investigations. 
For the break-up reaction, new results have emerged 
showing the need for the inclusion of 3NFs. The 
Coulomb force has recently been included in the break-
up calculations and leads to substantial effects in some 
configurations. More experiments in this channel have 
been done for a range of incident beam energy and 
results are emerging. 
The calculations within chiral EFT have been perfor-
med for the lowest energies considered in this work (up 
to 90 MeV) and up to N2LO. This framework is sys-
tematically being improved and allows for a consistent 
treatment of the 2NFs and 3NFs. It is important to 
extend the calculations to N3LO in order to test the 
convergence of the chiral expansion and to increase the 
predictive power for a large energy range. The 
parameter-free expressions for the 3NF at this order are 
currently being worked out.  
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FIG. 6: Results for the break-up cross sections for various coplanarity angles between the two outgoing protons (φ1− φ2) as a 
function of the kinematical variable S , for an incident deuteron energy of 130 MeV and the outgoing proton polar angles of 
(15°, 15°). The band shows the results of the chiral EFT calculations at N2LO. The curves are the results of the coupled-
channel calculations including the explicit Δ (dashed curve) and also including the Coulomb force (solid curve). 
